Delaminations are common defects that deteriorate strength of laminates. Delaminations 
Introduction
Delaminations can arise in the course of manufacturing due to faulty fabrication process or can result from low energy impacts, (e.g. FOD) , that can take place in service. Delaminations deteriorate strength of laminates and if detected the question arises whether the defective airframe component can still stay in service or should be immediately repaired or replaced. The decision depends on size of delamination and its growth potential under expected service loading. To answer this question numerical analysis can be helpful. At first, the delamination growth under quasi-static loading conditions should be analyzed. If the expected service static loading is low and does not produce delamination growth, i.e. the calculated strain energy release rate is lower than the critical one then the effects of expected service cyclic loading should be analyzed. Methods for analyzing delamination growth under quasi-static loading are well established, e.g. [4, 6, 8] . Numerical simulation of fatigue delamination growth is a relatively new tool that can help to assess the hazard resulting from the detected delamination. There are several ways suggested to perform it [3, 5, 7] . Nevertheless, it is a complex task especially due to the lack of needed mechanical material properties e.g. Paris-Erdogen da/dn=f(G) relationship. It should be mentioned that there is no standard method established to determine this relationship for delamination growth. Verification of numerical simulation results against experimental ones is not often presented in the accessible literature and for this reason validation of the models provided in [3, 7] is difficult .
In this paper a method for determination of Paris-Erdogen law as well as a relatively easy way to simulate fatigue delamination growth under Mode I loading conditions are presented. The numerical model was developed with the help o FEM and validated experimentally for Mode I loading. The numerically simulated a=f(n) relationship was verified against the experimental results yielded by four specimens. For this purpose carbon-epoxy, laminate, reinforced with KDU1007 UD carbon fabric, was tested in the displacement-controlled mode. ASTM E647 standard [1] , which was designed for metals, was modified to determine Paris-Erdogen relationship for the laminate. This standard requires visual monitoring of crack growth, which is time consuming. To eliminate this inconvenience the new procedure was developed that took advantage of compliance changes resulting from delamination growth and allowed for delamination growth calculation.
Determination of Paris-Erdogen relationship
In case of laminates, so far, there is no standard procedure available to determine the ParisErgogen relationship needed for calculating crack growth versus number of load cycles elapsed. To some extend the method given in ASTM E647 standard could be adapted however it needs several modifications e.g. with regard to specimen design and data collection method. In the case of test, presented general requirements of ASTM E647 were fulfilled, however, several important changes had been introduced. The main steps of each procedure are schematically shown in Fig. 1 . The most important changes concerned specimen geometry, Fig. 2 , data collection, (Steps1, 2 and Step1 of the left and right columns, Fig. 1 ) and data processing, (Steps 3-5 of the left column and Steps 2-6 of the right column, Fig. 1) .
A Double Cantilever Beam (DCB) specimens were used, Fig. 2 . Crack growth was not visually monitored as required by ASTM E647 but consecutive crack (delaminations) lengths, a i, were calculated from the specimen compliance changes (1).
where:
i max -maximum relative displacement of load points in i-th cycle, P i max -maximum load in i-th cycle, E 11 -Young modulus of the laminate tested, measured in the specimen longitudinal direction, h -1/2 of the beam, (specimen), thickness, B -width of the beam, (specimen).
Step 1 Recording raw machine data , P
Step 2 Crack length a from visual monitoring
Step 3 Determining 2 nd degree polynomial for approximation of a versus n relationship with the help of the 7 point least square approximation procedure
Step 6 Constructing da/dn=f(G max ) relationship (Paris-Erdogen)
Step 5 Calculating G max values corresponding to the delamination length a after n cycles Input Data
Step 4 Calculating (da/dn) for each 4 th n value
Step 2 Calculating specimen compliance C= /P
Step 3 Calculating delamination length a using eq.1
Step 6 Calculating G max values corresponding to the delamination lengths a
Step 7 Constructing of da/dn=f(G max ) relationship (Paris-Erdogen)
Step 4 Determining a=f(n) relationship applying least square approximation
Step 5 Determining da/dn relationship Input Data
Fig. 1. ASTM E647 procedure, (left column) and proposed procedure (right column)
To calculate the specimen compliance the i and P i machine readings, (displacement of the load points and the load, respectively, see Fig.2 .), were used. Because of low value of the specimen stiffness, it was assumed that the load point displacements were those of the traverse-testing machine that was used for fatigue tests. 
Specimens and laminate tested
Wet lay-up laminate composed of 10 layers reinforced with UD carbon tape made of T300 carbon fibres was tested. The matrix was EP 53 epoxy resin cured with Z1 hardener at 60 C. Nominal fibre mass fraction was 50%. The specimens were 100 mm long and 20 mm wide with 50 mm long, crack starter placed in a middle plane of the specimen. The specimen thickness 2 h resulted from a sum of each laminate layer thickness and was equal to about 2.6mm. The opening force P was applied with the help of two metal blocks.
Test conditions
Cyclic loading of 10Hz frequency, as suggested in [2] , was applied under displacementcontrolled conditions. The cyclic specimen opening, max , was chosen such that it corresponded to G Imax =0.5 G IC at initiation of each test. Because of displacement controlled condition I max = max in the course of the tests. The asymmetry coefficient R was equal to 0.5. The tests were carried out at room temperature with the help of testing machine INSTRON ElectroPuls 3000 equipped with 3kN load cell.
Fatigue test results
An example of typical observed difference range between the crack (delamination) lengths, a vis , with the use of the scale, see Fig. 1 , and the calculated ones, a cal , with the help of (1) is shown in Fig. 3 . The plot in Fig. 4 presents the Paris-Erdogen relationship (2). It was based on the results of 4 tests carried out according to the proposed modification of ASTM E647 procedure (right column in Fig. 1 ). Equation (2) was used for numerical simulation of the fatigue delamination growth procedure presented below. 
Fig. 4. Paris-Erdogen relationship obtained from 4 tests

Simulation of the delamination growth
The simulation was performed with the help of FEM. For this purpose, the Mentat-Marc FE code was used. The delamination extension, a, resulted from gradual reduction in the stiffness of cohesive elements. Cohesive elements of length t each were located along the expected delamination path i.e. the middle plane of DCB structure. It was assumed that the delamination would extend by a=t if the cohesive element stiffness k i dropped to 0. For each delamination, extension increment the degradation process was limited to the cohesive element adjacent to the delamination front. For models that can be found elsewhere [5] the fatigue degradation was not limited to one element but all the elements forming the so-called cohesive zone were involved. From the physical point of view, the latter procedure is probably more adequate but it is much more complicated from the numerical point of view. The goal of the numerical simulation presented here was a reproduction of the experimental results from the tests described in the previous section, namely a=f(n) relationship reproduction was of interest. The results obtained with the aforementioned limitation were experimentally validated. The degradation of initial mechanical properties of cohesive elements was based on the Paris-Erdogen law (2) obtained in the above-described tests. The simulation was ended when the number of cycles simulated exceeded 1000 000.
FE mode
The FE model was 2D one and it represented a laminated beam 160 mm long and 2.6 mm thick. It was initially split at the loaded end. The initial split length a 0 =50mm, Fig. 1 . The laminate structure was modelled with the help of 4-node orthotropic solid elements (Element 11). There were 6 elements per beam thickness used. In the middle plan of the structure, along the expected delamination path bi-linear cohesive elements were placed (Element 186). Such elements can be defined with 3 out of 5 parameters available, i.e. k e , G c, max e and max . (depending on the FE code), Fig. 5 Length, t, of each cohesive element was equal to 0.125mm and it was equal to the length of the solid element side each cohesive element spanned. Therefore, a failure of a single cohesive element was equivalent to an increase in the delamination length a=t.
Simulation procedure
The relative displacement, , of load points was such that condition (3) was met. The simulation was performed under displacement-controlled conditions and was kept constant in the course of the tests: (3) For each delamination length, a, the SERR value was calculated with the help of (4) (Step2):
Next, with the help of (2) the number of cycles needed to produce the increase in delamination length a=t was calculated, (Step 4). The whole procedure had been repeated until the assumed number of cycles elapsed. da/dn= G
Step 1 Determine external loading
Step 2 Determine G max
Step 3 Determine corresponding da/dn value
Step 4 Determine number of cycles needed for
Step 5 Eliminate deteriorated element G=P /2aB n= a/(da/dn) Fig. 6 . Procedure for the simulation of delamination growth
Results
In Fig. 6 , the numerically simulated relationship a=f(n) is represented by a continuous line. Also, for comparison, the results of four test marked with symbols are provided. Results of numerical simulation and those from tests were in good agreement. The maximum difference occurred for 1000000 cycles. It was in the range of 2% and was equal to about 1 mm. This value was in the range of the spread of experimental results. However, it had to be stated that the numerical simulation yielded nonconservative results since for a given number of cycles majority of experimental results were higher than those from simulation. 
Conclusions
The carbon-epoxy laminate reinforced with KDU1007 UD carbon fabric was tested to determine the laminate resistance against Mode I delamination caused by cyclic loading. Since there is no standard procedure serving this purpose ASTM E647 standard, which is designed for testing metals, was adapted and modified. The DCB specimen geometry and loading configuration were used. To eliminate the need for continuous visual monitoring of delamination growth during the test the delamination growth was calculated from the specimen compliance changes. To validate the procedure a comparison was made between the visual, a vis , and calculated, a cal , delamination lengths. The results of four tests were used to obtain the Paris-Erdogen relationship, (2). The differences were less then 3%. Such results indicated that the proposed procedure was promising. Graphs in Fig.3 show that a cal. < a vis which was rather an unexpected result. It could be attributed to relatively long metal blocks used for loading the specimens that could make the beams stiffer. Therefore, more tests are needed to clarify the cause of this unexpected results and to make decision whether the procedure should be postponed or accepted.
Simulation of delamination growth was performed with the use of numerical model obtained with the help of FE Mentat-Marc code. The relationship a=f(n) was simulated. The results of the simulation together with the experimental ones yielded by four tests are presented in Fig. 6 . The agreement was satisfactory, however, the numerical a=f(n) relationship yielded non-conservative results. It could be attributed to the way the delamination growth was mimicked. For each delamination increment, the fatigue material deterioration was limited to one cohesive element only. Such a procedure left a relatively large volume of material surrounding the delamination front not affected. The degree to which such a limitation affects the results could depend on the cohesive element size and mechanical properties of laminates. Probably a tuning of FE model could help in obtaining better results and numerical experiments serving this purpose will be carried out in the near future.
